Object. Postoperative C-5 palsy is a significant complication resulting from cervical decompression procedures. Moreover, when cervical degenerative diseases are treated with a combination of decompression and posterior instrumented fusion, patients are at increased risk for C-5 palsy. However, the clinical and radiological features of this condition remain unclear. Therefore, the purpose of this study was to clarify the risk factors for developing postoperative C-5 palsy.
C erviCal posterior fixation surgery has been commonly used since the development of the cervical posterior instrumentation system. 2, 8, 17, 25 In addition to cases of cervical trauma, cervical posterior fixation is also widely used in treating cervical degenerative diseases. 1, 3, 5, 8 One reason for this is that if patients with cervical kyphosis and/or cervical instability undergo posterior decompression surgery, a poor clinical outcome is suspected. 19 Another is that frequent complications have been reported in cases treated using anterior multilevel surgery. 15, 16 Although a satisfactory surgical outcome can be anticipated with the addition of posterior fixation, some studies have shown an increased incidence of postoperative C-5 palsy in cases of cervical degenerative diseases treated with posterior decompression and instrumented fusion. 4, 10, 12, 17, 21 Takemitsu et al. 20 reported that the risk of developing C-5 palsy with instrumentation was 11.6-fold greater than that without instrumentation. Surgeons are obviously very concerned about this serious complication. 6, 13, 14, 18 Some factors have been postulated regarding the etiology of postoperative C-5 palsy, such as iatrogenic foraminal stenosis after rearrangement of cervical alignment. 4, 10, 12, 21 However, to the best of our knowledge, no studies have been conducted regarding the risk factors for C-5 palsy using multivariate analysis in such cases. Therefore, the purpose of the present study was to review the clinical and radiological findings for patients with surgically induced C-5 palsy and to detect its risk factors.
Methods

Patient Population
We conducted a retrospective multicenter study (4 hospitals). After obtaining institutional review board approval from Chubu Rosai, Konan Kosei, Aichi University School of Medicine, and Kyoritsu Hospitals and before surgery, each participant signed a written consent form. These study data were prospectively collected and retrospectively reviewed. The patients in our study included 45 men and 39 women with a mean age of 60.1 years (range 27-90 years) at the time of surgery, who had undergone posterior cervical reconstruction using CPSs for nontraumatic lesions. The average follow-up period was 4.1 years (range 6-168 months). We excluded patients who suffered trauma, those who had undergone occipitocervical fixation, and those who had undergone C1-2 fixation. The number of fixation levels ranged from 1 to 9 (mean 2.7 levels).
Cervical disorders included CSM in 43 patients, subaxial lesion of rheumatoid arthritis in 9, OPLL in 6, cervical myelopathy due to athetoid cerebral palsy in 6, cervical disc herniation in 5, destructive spondyloarthropathy caused by long-term hemodialysis in 5, CSA in 4, and other minor illnesses such as postlaminectomy kyphosis or cervical spinal cord tumor with kyphosis in 6.
Indications for instrumentation were reducible cervical kyphosis (kyphosis was not fixed by bony fusion and did not need anterior corpectomy to reduce cervical kyphosis to a neutral position 5 ) in 57 patients, cervical spinal instability in 28, pseudarthrosis after anterior cervical spine fusion in 5, CSA in 4, reoperation for OPLL in 2, and other problems (infections, tumors, and others) in 5. Some patients had 2 or more indications. Local kyphosis was considered to exist if there was more than a 5° difference between the adjacent vertebrae on the cervical spine lateral radiograph. 19 Instability was judged as greater than 10% horizontal displacement of the sagittal diameter of the vertebral body in relation to an adjacent vertebra.
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Surgical Procedure
Posterior spinal arthrodesis using the pedicle screw system was performed in all cases. Three hundred ninety CPSs were used (4.6 screws/patient). Besides CPSs, lateral mass screws were used in 6 patients and thoracic pedicle screws in 10. Supplemental anterior surgery was performed in 3 patients. In addition to the fusion procedure, posterior laminoplasty was performed in 72 patients and posterior laminectomy was performed in 3. Anterior surgery had been previously performed in 5 patients, and posterior laminoplasty in 3.
C-5 Palsy
Attending doctors in each hospital who had more than 15 years' experience as spine surgeons examined the patients and graded the severity of C-5 palsy during the course of routine postoperative examinations. Postoperative C-5 palsy was defined as postoperative deterioration of muscle strength in the deltoid by one or more grades (determined by MMT on the deltoid muscle, with or without involvement of the biceps muscle), but no loss of strength in other muscles. We excluded patients without paralysis but with sensory deficit or pain alone in the C-5 dermatome area as well as those with C-5 nerve root injury due to CPS misplacement.
Pedicle screw misplacement was assessed by an independent radiologist. The positions of cervical pedicle screws were routinely evaluated by CT (2-mm slices) before hospital discharge. None of the patients with C-5 palsy in this study had screw misplacements at the C-4 or C-5 level.
Risk Factor Analysis
Patient characteristics and the results of their radiological assessment were considered to analyze risk factors.
Patient Characteristics
Each patient's age, sex, disease, paralysis onset, C-5 palsy, recovery period, motor paralysis recovery level, and preoperative JOA score 11 were assessed.
Radiological Assessment
Radiological findings were reviewed on plain radiographs, MRI studies, and CT scans. Preoperative and postoperative CT scanning and MRI were performed in all cases. Radiographic assessment was performed under the same conditions in each hospital to the extent possible. Two independent spine surgeons who did not perform the surgeries performed the radiographic measurements.
The C2-7 angle and intervertebral angle (C4-5) were assessed on a standard lateral radiograph obtained in neutral position. The C2-7 angle was determined by tangential lines along the posterior edges of the C-2 and C-7 bodies. 9 Positive and negative values indicated kyphosis and lordosis, respectively. We assessed the com-pression levels, most compressed level of the spinal cord, and presence of a high-intensity area in the spinal cord on T2-weighted images preoperatively. The postoperative posterior shift of the spinal cord (C4-5) in the midsagittal plane was also assessed (Fig. 1) . 13 New increased signal intensity change of the spinal cord on T2-weighted MRI was not observed in this series.
Computed tomography was used to measure the width of the intervertebral foramen at C4-5 and anterior protrusion of the superior articular process at C-5; the images were acquired in the horizontal plane of the intervertebral disc. The width of the C4-5 intervertebral foramen and anterior protrusion of the superior articular process at C-5 were measured at their narrowest, and most prominent points, respectively.
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Statistical Analysis
Statistical analyses were performed using SPSS (version 17, SPSS, Inc.). An unpaired t-test and the MannWhitney U-test were used to compare the C-5 palsy and non-C5 palsy groups. Logistic regression analysis was used for risk factor analysis. First, the parameter significance was evaluated using univariate analysis. Factors with p < 0.20 in the univariate analysis were then included in the multivariate analysis. We also plotted ROC curves to investigate the cutoff values of pre-and postoperative C4-5 intervertebral foramen widths for postoperative C-5 palsy. Differences were considered significant at p < 0.05. Table 1 summarizes demographic data for the 10 patients who developed postoperative palsy. The preoperative diagnoses for the 10 cases with neurological deterioration were as follows: CSM in 6 cases, OPLL in 2, rheumatoid arthritis in 1, and complications of hemodialysis in 1. Four patients with C-5 palsy required further surgery. The remaining cases were conservatively treated with rest, muscle strength rehabilitation, and range of motion exercises in bed. Paralysis was observed after a mean of 2.1 days (range 1-10 days) after surgery. Neurological complications occurred in all cases on the day of ambulation. The mean MMT score at the onset of paralysis was 2.5 (range 1-3) for the deltoid. Seven patients recovered fully, and 3 recovered partially from their neurological complications. Residual motor paralysis was present in 3 patients with a mean MMT score of 3.0 (range 2-4) (deltoid). The mean time to complete recovery from paralysis was 7.9 months (range 7 days-18 months).
Results
Comparison of Patient Characteristics in the C-5 Palsy and Non-C5 Palsy Groups
Before surgery, the incidence of OPLL was significantly higher in the C-5 palsy group, while other diseases occurred more frequently in the non-C5 palsy group (Table 2) .
Comparison of Radiological Results
The preoperative C4-5 angles in the C-5 palsy group and the non-C5 palsy group were 10.0° ± 6.7° and 5.4° ± 8.4°, respectively. Their respective postoperative values were 3.3° ± 6.1° and 0.3° ± 5.5°. These differences were statistically significant (Table 3 ). The pre-and postoperative C4-5 intervertebral foramen widths on the palsy side were significantly smaller than those on the opposite side in the C-5 palsy group and bilaterally in the non-C5 palsy group (preoperative 2.4 ± 1.0 and 3.2 ± 1.0 mm; and postoperative 2.6 ± 0.9 and 3.5 ± 1.0 mm, respectively) ( Table 3 ). (Table 4) .
Postoperative C-5 Risk Factor Analysis
ROC Curve Analysis of the Width of the C4-5 Intervertebral Foramen for Postoperative C-5 Palsy
The cutoff values for pre-and postoperative C4-5 intervertebral foramen width for postoperative C-5 palsy were 2.2 mm for preoperative width (AUC 0.696, p = (Fig. 2 lower) .
Discussion
C-5 palsy is a serious complication resulting from cervical decompression procedures. 6, 13, 14, 18 An increased incidence of postoperative C-5 palsy has been reported for cervical degenerative diseases treated with a combination of posterior instrumented fusion and decompression procedures. 4, 10, 12, 17, 21 Although the etiology of C-5 palsy has been suggested in a few studies, to our knowledge, a multivariate logistic regression analysis of its risk factors has not been performed. In this study, we report the results of such an analysis. We show that preoperative foraminal stenosis was more often observed in patients with C-5 palsy. Logistic regression analysis showed OPLL, posterior shift of the spinal cord (C4-5), and postoperative width of the C4-5 intervertebral foramen to be significant factors in the development of postoperative C-5 palsy. This strongly suggests that the tethering of the C-5 root and additional postoperative iatrogenic foraminal stenosis induced by the correction of the cervical spinal alignment contribute to the occurrence of the palsy.
Etiology of C-5 Palsy
The incidence of C-5 palsy after cervical laminoplasty has been reported to average 4.7% (range 0%-30%). 6, 13, 14, 18 There have been several hypotheses regarding the etiology of C-5 palsy after laminoplasty in patients with cervical compressive myelopathy, that is, direct nerve root injury during surgery itself, tethering phenomenon of the nerve root, spinal cord ischemia, segmental spinal cord disorder, and reperfusion injury of the spinal cord. 6, 13, 14, 18 There is a report in which OPLL, one of the risk factors identified here, is a risk factor for developing C-5 palsy after cervical decompression surgery, 14 but its pathomechanisms are unknown.
The Incidence of C-5 Palsy After Cervical Posterior Fusion With Instrumentation
Cervical posterior fixation is also widely used in cases with cervical kyphosis and/or cervical instability to gain a satisfactory clinical outcome.
5,17 However, the increased incidence of postoperative C-5 palsy is a concern to orthopedic surgeons. 4, 10, 12, 17, 21 Takemitsu et al.
20
reported that the risk of developing C-5 palsy with instrumentation was 11.6-fold greater than without instrumentation. In the present study, C-5 palsy was observed in 11.9% of all patients, and other reports have indicated incidence rates ranging from 2.6% to 50% for postoperative C-5 palsy after posterior instrumentation with fusion in nontrauma patients. 4, 10, 12, 17, 21 Thus, the overall incidence is significantly higher than that reported for patients treated by laminoplasty alone. 4, 6, 10, [12] [13] [14] 17, 18, 21 
The Pathomechanisms of C-5 Palsy After Cervical Posterior Fusion With Instrumentation
This study was not a randomized controlled study, and therefore it was difficult to judge whether using instrumentation has more risk of postoperative C-5 palsy than not using instrumentation. However, Imagama et al. 13 reported C-5 palsy after cervical laminoplasty without fusion from our same group database. They identified 43 (2.3%) of 1858 patients who developed C-5 palsy. Our rate of 11.9% for C-5 palsy after cervical posterior fusion was significantly higher than 2.3% after cervical laminoplasty without fusion. For this reason, we strongly suspect that adding the cervical posterior fusion contributed to the higher incidence of C-5 palsy.
Two main theories have been proposed to explain the causes of postoperative C-5 palsy after laminoplasty with instrumentation: 1) iatrogenic foraminal stenosis 4, 10, 12, 21 and 2) increased tension in the spinal cord and roots caused by correcting the spinal alignment.
12, 21 Heller et al. 10 were the first to report the increased incidence of postoperative C-5 palsy after posterior instrumentation and decompression. They suggested that it results from iatrogenic foraminal stenosis induced by excessive reduction of anterolisthetic vertebrae. C-5 root impairment is a major cause of the palsy after decompression surgery. In a cadaveric study Tsuzuki et al. 22 showed that impingement of the C-5 nerve root readily occurs inside the intervertebral foramen due to the posterior shift of the spinal cord. Imagama et al. 13 were the first to evaluate the cause of C-5 palsy using imaging analyses such as plain radiography, CT scanning, and MRI, which showed the correlation between the impairment of the C-5 nerve root and C-5 palsy. They concluded that posterior fusion with instrumentation might cause an iatrogenic foraminal stenosis in addition to this anatomical C-5 nerve root impingement.
Besides the problem of iatrogenic foraminal stenosis, additional posterior shift of the spinal cord due to the correction of the cervical alignment has been implicated as a cause of this palsy. 12, 21 When cervical kyphosis is corrected, the posterior shift of the spinal cord might be larger than that seen in cervical laminoplasty. Hojo et al. 12 were the first to compare radiological features between groups of patients with and without postoperative C-5 palsy after instrumentation, finding that the change in the C2-7 angle was significantly larger than that in the C-5 palsy group. This result shows that the magnitude of change in cervical alignment correlated with the occurrence of postoperative C-5 palsy. Therefore, the effect of posterior shift of the spinal cord is a problem that cannot be ignored. In general, the C-5 root is anatomically shorter than the other segments' roots, and the C-5 segment is at the level where the extent of posterior shift of the spinal cord is greatest. 24 Therefore, tethering of the root readily occurs in C-5 after a posterior shift of the spinal cord. The majority of the patients underwent laminoplasty in this study, and there are different types, with varying degrees of canal expansion. To prevent postoperative C-5 palsy, appropriate degrees of canal expansion have to be examined afterward.
Although Hojo et al. 12 reported that preoperative foraminal stenosis and the degree of change in C2-7 alignment were significant factors causing postoperative C-5 palsy after instrumentation, their study lacked MRI and postoperative CT data as well as logistic regression analysis. Therefore, these findings are not sufficient to appropriately identify significant causative factors. In the multivariate analysis in our study, OPLL, posterior shift of the spinal cord (C4-5), and postoperative width of the C4-5 intervertebral foramen were identified as significant risk factors for postoperative C-5 palsy. Thus, we conclude that C-5 root tethering and postoperative iatrogenic foraminal stenosis represent significant causal factors for postoperative C-5 palsy.
Is There Any Prophylactic or Therapeutic Treatment for Postoperative C-5 Palsy?
There might not be a reliable way for preventing postoperative C-5 palsy because its pathology may be multifocal. 18 However, in this study, we determined useful cutoff values for pre-and postoperative C4-5 intervertebral foramen widths for predicting palsy. Its occurrence may be reduced by selective concomitant foraminotomy if a patient has a preoperative stenotic C4-5 intervertebral foramen. Even in postoperative imaging analysis, if there was a stenotic C4-5 foramen in patients with a palsy, treatment of the stenotic foramen might result in more significant recovery. Foraminotomy at the C4-5 foramen, while not ensuring full neurological recovery for our patients exhibiting palsy, will certainly result in better recovery.
Intraoperative neuromonitoring might be another useful tool to detect postoperative C-5 palsy. 7, 20, 23 Neuromonitoring was used in 33 (39.3%) of 84 patients in this study. Neuromonitoring was used in 2 of 10 patients with C-5 palsy; however, neuromonitoring changes were not observed in these C-5 palsy cases without screw misplacement. There have been reports about intraoperative neuromonitoring of C-5 palsy after cervical laminoplasty. 7, 20, 23 However, the sensitivity and specificity were not great enough to detect postoperative C-5 palsy without intraoperative iatrogenic C-5 injury. 7, 20 The utility of neuromonitoring to predict intraoperative foraminal stenosis has to be investigated. Furthermore, to reduce the incidence of the palsy, we have to pay attention to the manner of kyphosis reduction. Abumi et al. 5 suggested applying compression forces between the screws during cervical kyphosis reduction, but this method might promote iatrogenic foraminal stenosis. Kyphosis reduction should be performed in a surgical position, and excessive kyphosis reduction using instrumentation should be avoided. It should also be noted that posterior shift of the spinal cord is one of the significant risk factors for postoperative C-5 palsy, as indicated by others.
12,21 If iatrogenic foraminal stenosis was the sole risk factor for the palsy, it might occur just after surgery. The data in the present study show that C-5 palsy occurred on the day of ambulation in all cases, suggesting that the possible effects of the tethering of the spinal cord cannot be ignored as another risk factor. Thus, to prevent excessive posterior shift of the spinal cord, appropriate kyphosis reduction should be carefully considered.
Limitations of This Study
The cervical pedicle screw system used in this study is not common outside of Japan. However, postoperative C-5 palsy in this study was not related to screw misplacement, and this type of C-5 palsy after cervical posterior fixation has been reported when other screw systems were used. 10, 21 It is possible that the pathology of the C-5 palsy occurring with the cervical pedicle screw system has something in common with that of palsy occurring when other screw systems are used.
The present study is limited because we only examined 10 patients with C-5 palsy. The multivariate analysis is inadequate for the number of independent variables studied, and conversely the risk of Type 1 error is high with so few events. Although we believe our data are nevertheless compelling, a larger patient population will be required to confirm our conclusions.
Foraminal height was not evaluated in the current study because obtaining postoperative CT sagittal images was not part of the plan for this study, and CT scanning was not done on the basis of uniform criteria. If the superior articular process is in the foramen and some distraction can be achieved, thereby increasing foraminal height, then this could result in a safer environment for the C-5 root. Foraminal height is an important factor when considering appropriate cervical reduction methods, and it definitely needs to be assessed in the future.
Conclusions
Postoperative C-5 palsy occurred in 11.9% of patients with cervical posterior fusion with instrumentation. We identified OPLL, posterior shift of the spinal cord (C4-5), and postoperative intervertebral foraminal stenosis (C4-5) as significant risk factors. These findings more clearly establish that tethering of the C-5 root and additional postoperative iatrogenic foraminal stenosis induced by the correction of the cervical spinal alignment might contribute to this condition.
Prophylactic foraminotomy at C4-5 might be useful when preoperative foraminal stenosis is present on CT. In addition, foraminotomy at C4-5 might result in more significant recovery. To prevent excessive posterior shift of the spinal cord, appropriate kyphosis reduction should be carefully considered. 
